Abstract -We report high-voltage regrown nonpolar m-plane p-n diodes on freestanding GaN substrates. A high blocking voltage of 540 V at ∼1 mA/cm 2 (corresponding to an electric field of E ∼ 3.35 MV/cm), turn-ON voltages between 2.9 and 3.1 V, specific on-resistance of 1.7 m ·cm 2 at 300 A/cm 2 , and a minimum ideality factor of 1.7 were obtained for the regrown diodes. Our results suggest that Si, O, and C interfacial impurity levels up to 2 × 10 17 cm −3 , 8 × 10 17 cm −3 , and 1 × 10 19 cm −3 , respectively, at the metallurgical junction of m-plane, p-n diodes do not result in very early breakdown in the reverse bias although the off-state leakage current in the forward bias is affected. The impact of the growth interruption/regrowth on diode performance is also investigated.
effect transistors (JFETs) [7] and current aperture vertical electron transistors (CAVETs) [8] would be possible by either selective-area ion implantation or selective-area doping. The former is the dominant fabrication process used for Si and SiC material systems [9] and has also been reported for GaN [10] . However, there are challenges associated with selective-area ion implantation, including the need for extreme acceptor activation conditions [11] and removal of implantation-induced damage. Selective-area doping, on the other hand, requires a standard activation process. However, regrown p-n junctions formed during the selective-areadoping consistently exhibit higher reverse leakage currents than continuously grown junctions [12] , possibly due to impurity incorporation or etch damage at the regrowth interfaces. In etched-trench geometry devices, the regrowth interfaces consist of both c-plane and nonpolar m-plane (or a-plane) facets ( Fig. 1 (a,b) ). Thus, controlling etch damage and interfacial impurity levels on the nonpolar planes is probably as critical as that of c-plane for selectively doped geometries. However, nonpolar planes are expected to be more susceptible to impurities than the c-plane due to the presence of N atoms at the nonpolar surface [13] . Despite the importance of nonpolar facets in the formation of high-voltage vertical selective-area-doped GaN p-n diodes, reports of high-voltage nonpolar diodes are scarce. Several groups have studied nonpolar GaN Schottky barrier diodes (SBDs) [14] [15] [16] . Continuously grown nonpolar m-plane vertical p-n diodes were demonstrated with reverse voltages ∼300 V [17] , [18] and ∼20 V [19] at 1 mA/cm 2 . Thus far, no high-voltage regrown nonpolar m-plane p-n diodes have been reported. Here, we demonstrate regrown nonpolar vertical p-n diodes with breakdown voltages > 500 V. To the best of our knowledge, this is the first report of a high-voltage nonpolar m-plane regrown diode. Our work indicates that regrown nonpolar diodes are capable of supporting large electric fields and V b , which is a promising step toward complex-geometry vertical power switches based on selective-area-doping.
II. EXPERIMENTAL DETAILS AND RESULTS
The p-n diodes were grown using metal-organic chemical vapor deposition (MOCVD) on freestanding m-plane substrates with ∼0.95°miscut toward the minus c-direction. The small crystal off-angle minimizes pyramidal hillocks. Removal of pyramidal hillocks reduced leakage current originating from the c+ facet of the hillocks in SBDs [14] . Here, we chose nonpolar m-plane instead of a-plane 0741-3106 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. since high-quality m-plane substrates with smooth surface morphology are more readily available and the surface morphology of a-plane films grown by MOCVD is difficult to optimize. Similar studies will be performed on nonpolar a-plane substrates in future. Before growing p-n diodes, the impurity levels at the regrowth interfaces were investigated by performing various interruptions during GaN growth. The GaN was grown under typical p-GaN growth conditions but without supplying CP 2 Mg. Four interruptions were performed: (1) sample in the chamber for 10 minutes under a mixed flow of H 2 and N 2 at 10 Torr after being cooled down to room temperature under flowing NH 3 , H 2 , and N 2 , (2) sample in the loadlock under vacuum for 10 minutes, (3) sample outside the chamber in ambient for 10 minutes, and (4) sample outside the chamber in a nitrogen box for one week. After each interruption, the sample was loaded back into the chamber, ramped up to the growth temperature under NH 3 flow, and ∼1 μm of unintentionally doped GaN was regrown under p-GaN conditions. After the series of growths and interrupts, Si, O, and C impurity levels were evaluated at each interface by secondary-ion mass spectroscopy (SIMS), as shown in Fig. 1(c) . The SIMS data at the interfaces indicates a general increase in Si and O spikes with increasing sample exposure to ambient. The C level is not strongly affected by the growth interruptions, although the background C level is higher to begin with. Previous studies predicted that impurity levels on m-plane GaN could be significantly higher than those on cplane GaN [13] . However, the interfacial impurity concentrations for all interruptions remained below 5 × 10 17 cm −3 in this study, which is similar to previously published c-plane studies [20] .
The impact of growth interruption/regrowth on p-n diode performance was then investigated. Three different p-n diode structures were grown: (1) interrupted -p-GaN grown on the drift layer after 10 min in the chamber, (2) regrown -p-GaN grown on the drift layer without any surface treatments after one week outside the chamber in a wafer carrier in a nitrogen box, and (3) reference continuously grown. All three p-n diode structures contained 5-μm-thick drift layers with a net doping (n 0 ) ∼6 × 10 16 cm −3 , as determined by capacitance-voltage measurements. Fig. 1(d) and 1(e) shows the SIMS results of the interrupted and regrown diodes, respectively near the metallurgical junction. Compared to the SIMS of Fig. 1(c) , increased C and O background levels were observed upon flowing the CPM into the reactor, which was also observed in our continuous diodes [17] and by others [21] . The interrupted diode shows a large C spike (∼1×10 19 cm −3 ), moderately high O spike (∼8 ×10 17 cm −3 ), but minimal Si (∼1 ×10 16 cm −3 ) at the regrowth junction. However, the regrown diode shows similar C and O levels compared to a reference continuous diode (the SIMS results of which have been shown elsewhere [17] ), and the Si spike is moderately higher (∼1 × 10 17 cm −3 vs. 3 × 10 16 cm −3 ), indicating low induced impurity levels at the regrown junction. The higher C spike in the interrupted diodes compared to the regrown diodes may be related to the unbaked reactor chamber and susceptor after the interruption and prior to p-GaN regrowth. Note that the C spike was not observed for a similar interruption in Fig. 1(c) . This is possibly due to a much lower total growth thickness (∼ 1 μm vs. 7 μm) and correspondingly lower residue on the susceptor and growth chamber prior to the interruption. Fig. 2(a) shows the epitaxial layer structure and device architecture. Fabrication details of the simple etched-mesa diodes (without any edge termination) with diameters of 150, 250, 350, and 450 μm have been reported elsewhere [17] . Fig. 2(b) and (c) show scanning-electron microscope (SEM) images of the fabricated diodes and figures 2(d) and 2(e) show the corresponding electron beam-induced current (EBIC) images of a fabricated device. The EBIC data shows that the devices are isolated, and indicates a largely uniform space charge region across the mesa, with only slight non-uniformities in p-layer thickness. (Fig. 1(d) ) did not have a severe impact on the reverse J-V characteristics. The highest V b = 540 V was obtained on a regrown diode, corresponding to an electric field [22] of E ∼ 3.35 MV/cm at < 1 mA/cm 2 considering the depletion layer width on the n-side of the junction (W Dn ) ∼ 3.2 μm. The high-voltage performance of the nonpolar m-plane regrown diodes is expected from the low impurity levels in the drift layer and at the regrown interface. Higher V b can be enabled by a more lightly-doped and thicker drift region. Figure 3(a) shows the forward J-V characteristics and specific on-resistances (R S P−O N ) for regrown, interrupted, and continuously grown diodes. R S P−O N reduces with applied bias and reaches 26-32 m · cm 2 at 5 A/cm 2 for all three diodes. At higher J (300 A/cm 2 ), R S P−O N ∼ 1.7 m · cm 2 was obtained (not shown). The extracted ideality factor (n) [23] is higher than 1 for all diodes (Fig. 3(b) ), indicating non-ideal diode behavior due to Shockley-Read-Hall (SRH) dominant recombination currents in the space-charge region of the diodes [24] . n reduces with voltage (the ideal diffusion current starting to dominate the SRH current), with minimum values between 1.3-2.2 for the three diodes. At high biases, n increases due to series resistance [24] . The interrupted diode shows higher n, followed by the regrown and continuous diodes, indicating stronger SRH recombination current in the interrupted diode. The interrupted diodes show higher leakage current densities (at V > 1.5 V ) followed by the regrown and continuous diodes. Figure 3(c) compares the forward offstate leakage current densities at 2 V bias for regrown, interrupted, and continuously grown diodes with different device diameters across the samples. The interrupted diodes show over two orders of magnitude higher off-state leakage current density compared to the continuous and the regrown diodes. While variable-range-hopping (VRH) through dislocations can explain the behavior of continuous and regrown diodes (linear dependence of log(J) vs. voltage) [25] , the kink in the reverse J-V characteristics of the interrupted diode below turn-on may be attributed to trap-assisted band-to-band tunneling [25] , consistent with higher C spike (deep-level traps) ( Fig. 1(d) ) at the junction. At higher biases, the VRH mechanism takes over and enhances the leakage for the interrupted diode. Further investigation is needed to elucidate the sources of forward and reverse leakage in these diodes.
III. CONCLUSIONS
In summary, the forward and reverse characteristics of m-plane regrown p-n diodes were compared with interrupted and continuously grown diodes. A maximum V b of ∼540 V, corresponding to E ∼3.35 MV/cm, and a low minimum n of 1.7 were obtained for the regrown diode. Similar turn-on voltages (between 2.7-3.1), and R S P−O N (∼1.7 m · cm 2 at 300 A/cm 2 ) were extracted for the regrown, interrupted, and continuously grown diodes. Our results suggest that Si, O and C interfacial impurity levels up to 2 × 10 17 cm −3 , 8 × 10 17 cm −3 , and 1×10 19 cm −3 , respectively, at the metallurgical junction of m-plane p-n diodes do not lead to very early breakdown in the reverse bias, although the off-state leakage current in forward bias is affected. The high V b , low n, and low R S P−O N obtained for regrown nonpolar m-plane diodes demonstrates a critical step toward realizing vertical-geometry selective-area-doped power electronic devices such as JFETs and CAVETs.
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